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ABSTRACT i

individua! wave groups were identified by an analysis of
digitized wave records. The analysis technique is based on

a comparison between short-term variance and wave record

variance. Once wave groups were identified, wave parameters
of interest wore then derived. Analysis was performed on 338
wave records obtained from a Waverider buoy covering a wide
range of helght, period, and steepness., Statistical relation-
ships between the parameters obtained were determined for all
wave groups, and for selected extreme wave groups. |t was
found that as the relative energy of the group incresses the

' number of waves per group increases, and the average group

period approaches the spactral peak pericd. Wave steepness

was shown, however, not to depend upon the group energy.

Groups from low steepness wave records tend to contain larger

s s o

numbers of waves. |t was also shown that the height of the

single highest wave in a group tends to upproximate the

significant height of the wave record.
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I« INTRODUCTION

A visusl observetion of the ses surfece reveals that i¢
is ¢ highlv complex and irreguliar surtfece. The tact thet
most waves have no aprarsnt relation to or dependence on
sach othgr has prompted most studies or analyses of the sea
surface to to statistical In nature. This type of spproach
has been necessary for lack of a better one, but !t has alsn
baen highly successtu! in enadbling the mechanlisms of >ceen
waves to be understood.

Visual obsarvation also shows, however, that ocesn waves
commonly appeacr in pasckets or groups. Theie waves arc
quasi=-periodic and although the wave helights are not equal
they have been shown to be dependent on esch other (Rye,
1974). The exittence of wave groups hss been known to sea-
taring man for many years. OQut of their experiences have
come folk lore Including the saying that "every seventh wave
is the largest," and an old icelandic saying that “iarge
waves rarely come alone." The fact that the phenomenon of
wave grouping has been known and respectsd by sailors for
ages makes it ali the more surprising that It (s only In
recent years that wave groupts have been systeamatically
studied.

The aconomic Impact of wave groups is anly now beling

realized. It is recognized that groups cf waves, not

|
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necessarily large, may be dameging. Some of the enginear-
= ing problems that hav ' heen found *o be related to wave

groups are the stablility of rubble-mound breakwaters, t\a

slow drift osclliations of moored floating platforms, the :

. stebility of ships underway, and induced seiching in harbors

T T e YT ST TR R Sy

or bays that may cause damage to moored craft and in extreme

conditions may be responsible for local fiooding. Dasign

approaches today do not generally take wave group charac-

B I e a——

ﬁ teristics into account.

e Mlicad s

Two approaches nave been conventionally employed in the
analysis of wave groups. The first involves using a
statistical theory of:runs while the second consists of
examining the statistics of wave envelopes in relation to

i power spectra (Goda, 197¢). Among those wurking on the

distribution of the lengths of runs with simulated or actual

wave data have been Gecda (1970), Wilson and Baird (1972),

o e s M s

: Rye (1974), and Siefert (1976). Ewing (1973) and Chou (1978)
have worke:d with the application of wave envelope statistics
: to wave groups. Mollo-Christensen and Ramamonjliarisoa (1978)
% 7 recently proposed a non-linear model! for wind waves in

which "envelope solitons" or groups of Stokes waves propagate

at the same speed for all frequencies rather than obeying
a Iinear frequency dispersion relation.

i . A comron thread running through all of these studies :

; s that chey employ power spectra generated by Fourler

transform techniques. Non-spectral analyses have been !

12
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relatively few in number probably owing to the success that
spectral techniques and methods have enjoyed. Hamiiton,
Hul, and Donelan (1979) have recently proposed a simple
non-spectral statistical model with decoupled wave groups
that Improves spectral estimates of real or |laboratory wind
waves., Thompson (1972), Smith (1974), and more recently
Sedivy (1978) have devised a non-spectral technique for
identifying wave groups and then generating wave group
statistics of interest.

This study utilizes the method used by Sedivy (1978)
whereby a computer program analyzes digitized wave records
by means of an rms smoothing filter. This filter employs
a running short-term variance computation. The resulting
smoothed record is then the basis for identifying indi-
vidual wave groups from which various wave-group parameters
of Interest are obtained. Relationships are examined
between wave-group parameters, and between wave group and
wave record parameters. Posslibl!e relationships between
power spectra and wave-group and wave-record parameters
are examined. The relation between individual waves and
the power spectrum is also examined.

[t Is hoped that the statistics generated in this study
will be of use to the engineer, and when lcokad at in
conjunction with the results of others will help provide

the basis for theories on ocean wave groups.

Al e S 1 i i sl SR A i




A.

it. WAYE GROUP DETERMUINATION

WAVE GROUP CONSIDERATIONS

As mentioned, the most popular approach at present for

waveform or wave group analysis s to work In ‘the frequency

domain, or in other words, with power spectra. The basis of

this type of analysis has its roots in the assumption that

ocean waves are composed of a {(inear summation of an

infinite number of simple sinusoidal waves of infinitecimal

amp!itudes and random phases. Ocean waves can then be

treated as a normal or Gaussian process. Longuet-Higglns

(1952) showed that ocean waves of narrow-banded spectra

have a distribuvion of wave heights that are approximated

by a Rayleigh distribution. Goda (1974}, and Chakrabarti

and Cooley (1977) have shown that the Rayleigh distribution

holds or at least is a good approximation even it the

process is not narrow banded. Other investigators,

Forristall (1978), disagree and have put foirward evidence

to show that the Rayleigh distribution iIs not a good

approximation for wide banded processes. They have not,

however, suggested or theorized a better approximation or

distribution.

The non-spectral approach operates in the time domain

and generaily proceeds on a wave-by-wave basis. The

advantage of this method is that 1t includes non-linear

20 %k e
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effects not accounted for hy spectral anaiysis. It does,
however, have the disadvantage of using more computer time.
The time series analysis, as will be shown, has difficulty
dealing with the irregularity in height and period of ocean
waves, while spectral methods handle this problem quite
well,

Although this study uses basically a non-spectral
method of analysis to determine wave group boundaries, a
spectral analysis was performed to obtain certain wave
record parameters to assist In ithe time series analysis.
Thus, the Irregularity and the non-linear character of
waves should both be taken into account by this combination
of the two methods. The spectral analyses also enzbled
wave group parameters and individual wave parameters to
be related back to the spectral analyses themselves.

Time series analysis can be performed with either an
analog wave record, which shows all instantaneous sea
surface elevations, or with a digitized wave record which
shows sea surface elevations at time intervals equal to a
fixed sampiing rate. Analog wave records must be analyzed
by hand, unless they are digitized after the fact, while
digitized wave records lend themselives easily to computer
analysis.

This study utilized wave records that were digitized

and were computer analyzed using the standard zero=-upcross

S A M LR TR e bl s B il SR et ST SN TR A e e

|
|
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technique. Here, a wave (3 defined between two successive

upcrossings of the wave recerd with respect to some 1
reference level. The referaonce level Is taken to be the
mean water level of the record. A3 shown !a Flgure |, the

wave period is defined as the time interval between !

successive upcrossings while the wave height is defined

as the vertical separation between the highest and the
lowest point of the wave record between successive up-

1 crossings.

B. WAVE GROUP DEFINITIONS

As mentioned previously wave groups are an ocean surface

|
¢
be ‘ phenomenon that is readily apparent to even the most casual
E
¢

™

observer simply because they represent an orderly succes-

s

sion of wave heights and/or periods against a random back~

TR T M v

ground. Even with this being the case, however, there is

o Pt 2 L

as yet no common agreement on how wave groups should be

defined.

et sl b e

; .
E ] Many definitions of wave groups are in the |iterature.

Most employ readily identifliable wave parcmeters to define

ey g

wave-group boundaries. Among the many definitions in use
}

are the largest height of a wave in a group, the height j
which a sequence of waves exceed, the number of successive |

waves, the periods of successive waves, and the time that %

WY

the envelope of a wave record (with the envelope having

various definitions) exceeds a certain level. The method

M e
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of definition used by Sedivy (1978) used a new approach
wherein the energy content of the wave groups was the
decisive parameter.

The basic premise used by Sedivy (1978) and in this
study Is that the energy in a wave record |s proportional
to the variance of the wave record. The record variance
can be calculated from a time-domain analysis or from a
frequency-domain analysis. The energy of a simple
sinusoidal wave can be shown to be proportional to the
square of the height of the wave. Moreover, Michel (1968)
states that if the wave field Is thought of as the sum of
an infinite number of component waves of smali amplitude
then the energy of the wave fieid may be considered to be
proportional to the sums of the squares of the heights
of those component waves, Thus energy, variance, and wave
height are related, and if one can evaluate one of these
quantities then the other two are obtainable by a pro-
portionality factor.

tf the concept is kept in mind that a wave group is
essentially & succession of waves which are not random and
in general whose heights are larger than the surrounding
waves, then wave groups may be thought of as packets whose
energy content is greater than that of the surrounding
wave field. Over a short period of time, then, the variance
of the wave groups will also be larger than the variance

of the wave record as a whole.
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The wave record is then snalyzed by using a window of
short duration to loolk at portions of the wave record.
The window siides along the wave record at a rate equal to
the digitizing rate, and at each stop the short-term
varfance |s calculated and plotted at the midpoint of the
window. The result of this process (s lllustrated in
Figures 2 and 3, where the wave record (s shown In the
bottom of the figures and the corresponding short-term
variance waveform 1Is shown In the top portion of the
figures. Those areas under the short-term variance curve
that |ie above the variance of the wave record (a straight
line) denote areas of higher than wave record energy, and
hence possible wave groups.

It Is noticeable, however, that those areas where the
short-term variance waveform crosses the record variance

do not often correspond to zero upcrossings of the wave

record itself. Realistically and statistically it does not

make sense to think of a wave group as being anything else

than a suries of whole waves. Thus, the short-term variance

waveform cannot be used by itself to define wave groups.
The definition of a wave group was expanded so that when

the boundaries are set on the wave record by the vartance

waveform analysis, they are then moved away from the center

ot the wave group to the first zero upcrossing in each

direction. This is shown graphically in Figure 4.
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Two additional restrictions were imposed on the placement
of wave group boundaries. The first restriction igs that a
wave group must have at least two waves, since one wave was
not considered to constitute a group sgainst a random wave
field. Tha second restriction Is that wave groups identitied
as above must be separated by at least one-halt the width
of the window. Where this condition was not met by two suc-
cessive wave groups they were treated as one wave group.
This restriction was necessary to prevent the possiblity of
one wave being incliuded in two separate wave groups.

Thompson (1972) and Smith (1974) have shown that the
average period of the waves in a group closely approximate
the period of maximum energy density in a wave record, or In
other words the spectral peak period. Sedivy (1978) used
twice this value for the length of the short-term sliding
window after experiments on artificially generated wave
records showed it to be an optimum value. Experiments on
actual wave records for the purpose of this study confirmed
this choice of length for the sliding window.

in this study experiments were conducted by varying the
window length in fractlons and multiples of the spectral
peak period. It was found that large energy groups were
Identified by all windows and that the number o} waves in a

group was seldom affected by window length. In groups with
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smai !l energy, however, the number of groups In a record
varied as the window length was varied, and the number of
waves in these groups was qulite variadlie. In general as
the window length was increased the aumber of wave groups
decreased. The window lengths experimented with ranged
from one-halit to four times the pesk perliod and over this
range the number of wave groups decreased by 50%. This
was accompanied by some Increase (n the number of waves

per group. A window length of twice the spectral peak

period was therefore used in this study since [t [dentifles

all the larqe energy groups.
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111, WAVE DATA ACQUISITION, SELECTION, AND ANALYSIS

Wave records analyzed 'n conjunction with this study were
provided by the Coastal Engineering Data Network (CEDN) which
is sponsored Jointly by the Calitornia Department of Navige-
tion and Ocean Develiopment (CONOD) and the U, S. Army Corps
of Englineers. Additional funding support Is sugpliied by the
University of Callfornia Sea Grant Program with Scripps
institution ot Oceanography providing overall direction for
the actual data collection program.

The wave records received from CEON were reccrded from
a Datawel| Waver'der accelerometer-type buosy anchored in
approximately 30 fathoms of water. The buoy was installed
by the U. S. Naval Postgraduate School under contract with
CCNQD, and Is located, as shown in Figure Y, on the open
continental shelf approximately four nautical miles south=
southwes: of the Santa Cruz Polint light at 36°53.48' North
and .2.°03.2,' West. The wuve reccrd dita were received
from CEDN on magnetic tape digitized ayv a sampling rate of
on¢ second. The wave records gave 2n instantaneous toa level
at one second intcrvals with respect to a mean water level.
The mean watar level usead was the average of all sea
su-face elevations in the wave record and was assumed not
to change significantly over the duration of the record.

Each wave record contained 1024 data points (approximately
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{7=-minute duration) with 8 record genersliy being recorded
synoptically every ten hours, The wave records used n

this study were selected from data recorded over a ten month
period tfrom June 1978 through March 1979,

CEON reguiarly publishes a spectral analysis of the wave
records obtained each month in both a graphical and tebdular
tormat as shown In Figure 6 and Figure 7, respectively.

The wave records used in this study were selected from a
review of the published CEON data on the basis of dispiaying
one main and easily distinguishable spectral peak. Only
wave records with unimodal spectra wero considered. Muilti=~
modal spectra present some complications in the selection

of a suitable window length, and it was considered best to
examine the properties of wave groups in clearly unimodal
spectra first. Thus, Individual wave records were Initially
selacted if they displayed more than 30% of the energy in
one, and only one, of the CEON tabular printout spectral
period bands. This limit was arbitrarily chosen to ensure
that only one prominent ¢nergy peak occurred in the spectra,
but yet was not so restrictive that oniy a few wave racords
would be considered in the study.

CEDN furnished 695 wave records and they were initially
sesarched ¢or singlie-paaked spectra satistying the criteria.
Approximately half, or 338 of the records, were found to

possess the unimodal spectrum desired. These 338 selected
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rocords, the characteristics of which are shown in Figure 10,
were analyzed on an (BM 360/67 computer both speciially end
non-spectrally, Exampies of the spectral analysis are
shown in Figures 8 and 9. This type of analysis was per-
tormed (n part to obtain bette: resolution ot the spectral
peak pericd than Is possible from Yhe two-second period
bands provided In the CEDN analysis,

The non-spectral analysis of the wave records utilized
the detinition ot a wave group, as previously detined, to
identity wave groups in the wave records and to then compute
the various wave record and wave group parameters deslired
for the statistical portion of the study. Out of 338 wave
records 5598 wave groups were so identified and the
pertinent statistical parameters generated.

The wave data analyzed in this study may be classified
Iin terms of relative depth as deep water waves or interme-
diate water waves for the wave record spectral! peak
periods of Interest (four to |8 seconds). Although waves
with perlods greater than rnine seconds have begun to shoal
at the location ot the wave recorder (30 fathoms), the
shoaling coetficlent varies only between 0.91 and 1,00,
Accordingly all wave records effectively contain deep water
waves, and the statistics generated from these records are

presumably applicabie to the open ocean.
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tv. WAVE RECORD ANGC WAVE GRQUP PARAMETERS

The wave record and wave group parameters that were
elther utifitized or examined In this study are defined below.
Definttions previous!y used by other authors or definitions

that are In common utage are used whenever possibdle,

A. WAVE RECORD PARAMETERS

I. Spectral! Peak Period: TR

The spectral peak period of a wave record, as pre-
viously mentioned, Is that period in the wave record that
represents the maximum energy concentration, Sedivy (1978)
vsed an interpoliation technique to arrive at TR to the
nearest second from the two-sacond bandwidths given in the
CEDN spectral printouts. |In the presont study TR was taken
as that paericd corresponding to tha frequency ot the
spectrai energy peak obtained from independert spectral
analysis of the CEON wave data. Because of the variation
in the resolution of TR over the range of wave record
periods deailt with, TR was taken, for all records, to the

nearest whole second,.

2. Record Varlance: VR
As previously discussed, tha variance of a wave
record is a measure of the energy in the wave record and Is

related to the heights of the waves (n the record. The
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variance can be determined by integration of the power
spectrum to obtain the area under the spectral densit
curve, or it can be calcuisted directly from the digitized
sea surface elevations. The latter method was chosen for
two reasons. First, estimates of veriance caiculated from
the time series analysis performed for this study were

approximately the same as the variance value from the CEDN

spectral printouts and from the Independent spectral analysis

ot CEON wave dats. Second, the sea surtface elevation
method was easily included in the wave group analysis
program at (ittle cost of comnuter time, and more
importantly, is consistent with the group statistics
generated by that program.

3. Significant Helght: HR

The significent height of a wave record s defined
as the average of the highest one third waves in the wave
record, and was calculated from the record variance, VR.

4. V¥Wave Steepness: GR

As defined in Table |, the steepness parameter for
spectrum waves, using HR and TR' may be defined in an
analogous way to the steepness parameter for monochromatic
waves. The steepness parameter can be used to generally
identity the kind of waves present in the wave record in

terms of their relative age, (.e., sSesa, young swell,
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moderate sweil, old swell. Thompson and Reynolds (1976)
state that since swell steepness diminishes with Increasing

travel distance from the generating area some measure of

. the steepness of the wave fielid, GR’ can be used for the

purpose of estimating relative age and thus the approximate
swel| distance. The wave steepness parameter Is used In
this study to determine whether the wave records analyzed
are primarily composed of sea or some type of swell, and
whether this has some relationship to grouping among the
waves. Figure 10 shows the distribution of wave steepness
among the 338 wave records analyzed, and shows that with
the exception of the old swell band, the wave records

are almost evenly distributed over the range of wave age.

5. Record Group Duration: DR

The record group duration is defined as the total
amount of time that groups are present over the length of
the wave record. It is determined simply by summing the
durations of the individual groups, excluding partial groups

Truncated at the beginning or end of the wave record.

B. WAVE GROUP PARAMETERS

l. Wave Group Duration: D

Wave group duration is the interval of time that a
wave group is present, to the nearest second, as determined
by the wave group analysis described previously. It is

measured directly from the wave record.
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2. Number of Waves per Group: NG

This Is the number of whole waves in a wave group
of duration D, and by definition is two or more.

3. Wave Group Period: TG

The group period is defined as the average period

of the individual waves that compose a wave group. One of

the distinctive characteristics of wave groups is that the

constituent waves tend to be periodic, and TG will thus be
an approximation of this characteristic. [t is calculated :
by dividing the wave group duration by the number of waves
in the group. 3

4. Average Wave Group Variance: VG

The average variance of a wave group is a meusure
of the average energy contalined in the wave group and thus e

is another group parameter of interest. It is calculated I

by taking an average of the short-te-m variance values over
the length of the wave group from initial to terminal zero

upcrossing.

5. Height of the Highest Individual
Wave In a Group: HM

This parameter is defined simply as the height of
the single highest wave that occurs in a wave group. It is
calculated by the zero upcrossing method (as are all i

indifvidual wave heights in this study).

s b e i e
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C. NWAVE GROUP TO WAVE RECORD PARAMETERS
Three wave group parameters were normalized by taking

the ratio of the group parameter to the corresponding

$
i
3
%

record parameter. This allows the group statistics of

ons wave record to be compared to the group statistics of

other wave records.

3 : |. Wave Group Variance to Wave Record Variance: VG/VR

This group/record parameter Is the basis for the

pra

definition of the wave group, as discussed above; 1.e.

o . e e

where VG/VR Is greater than one a potential wave group

exists. As will be seen in the data, some wave groups have

a VG/VR value of less than one, This is explainad by the

e sy

fact that the wave group boundaries are moved outward to
E include a whole number of waves (Figure 4). This means that
f, ’ : for groups with small VG/VR peak values and smal! numbers of :

waves that it is possible for more of the short-term

variance curve to lle below the record variance curve than 3

above it. As both VG and VR are measures of eneryy, their i

ratio is a dimensionless measure of energy in the group.
Thus, the higher the value of VG/VR’ the more energy the
group contains relative to the wave record. This parameter i
was investigated as it seems reasonable that the more

energy a grouy contains relative to the wave field surround-

s e T,

ing it, the more important is thzt wave group.
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2. Mave Group Period to Spectral Peak Perlod: T./Tp

Thompson (1972), Smith (1974), Thompson and Smith
(1974), and Sedivy (1978) investigated the relationship of
TG and TR' The first three of these papers report that the
average group period and tne spectral peak period are
essentially equal in a wave group. Sedivy (1978) found
a tendency for TG/TR to approach a value of one but not to
the degree that earlier researchers have found. This
parameter was included, in part in the present study, to
check this relationship for essentially deep ocean waves;
eariier tfindings were obtained from waves in shallow water

recorded by bottom-mounted pressur>y sensors.

3. Highest Group Wave Helght to Significant
ave Height: HM/HR

Sedivy (1978) found HM/HR to be strongly dependent
on other group or record parameters, and this parameter was
included to help validate those results and look for

possible relationships among parameters not considered

previously.
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V. RESULTS AND INTERPRETATION

A. ANALYSIS SCHEDULE

All wave group and wave record parameters examined [n
this study have been defined previousiy, Given the lerge
number of possible relationships between them, a systematic
mi?hod of examination was called for. To facilitate t*is
analysis Table |i and Table 11| were constructed and .sed
as guides. As (s shown in each table, a matrix was con-
structed with all relevant parameters represented (the
relationships examined are i(llustrated in the figures
indicated). The possible relationships that are crossed
out are elither redundant or Illogical. Table |l represents
anaiyses for all of the wave group data, while Table I
Illustrates the same analyses for extreme wave groups only.

The data parameters TG/TR. VG/VR, HM/HR’ and GR were
divided Into bands of values. This alternate view of data
parameter distributions was adopted due to the wide range
of values possible for each parameter. The band divisions
were chosen either on the basis of definitions already in
use (f.e,, wave record steepness) or to ensure zn even
distribution of variables in the bands.

All possible relationships in this study were ilius=-
trated by means of frequency of occurrence graphs. As will

be seen there are two graphs for each relatlionship, a
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percentage distribution curve or histogram, and a cumula-

R Rl

tive percentage distribution curve. Each type of curve

has its own advantages and disadvantages In bringing out

the detallis of each relationship.

. The cumulative distribution curves were used to

extract quantitative statistical measures for each distri- ]
bution. Many of the curves approximate a normal distribu-

tion. |If the distributions were normal then the cumulative ¥

50 percentage level would represent the mean and the

iadats

b cumulative 16 and 84 percentage levels would approximate
the first standard deviation about the mean. B8y analogy, i
the median of the actual distributicns was used to repre- i
sent the central tendency, and the cumulative 20 and 80
percentage levels were used as an approximation, albeit
! ) crude, for the first standard deviation distribution about :

the mean. In this study, the approximation for the first

standard deviation will henceforth be referred to as the

standard deviation for al! curves examined. The median

-

and the standard deviation (presented below in tabular
J X
! format) allows rapid and convenient examination of the ;
many distributions that are graphically presented. They

also enable one graph to be compared to another graph or

———_ i oare

to another parameter band of the same graph.
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B. ALL WAVE GROUPS
I. Frequency Distribution (graphs)

a. NG

The distribution of the number of waves per
group for all 338 wave records is shown In the histogram
ot Figure 11A and in the cumulative percentage distribution
of Figure 11B. The modal number of waves per group Is
three, while the median falls between three and four waves
per group. The standard deviation ranges between two and
six waves per group. The total range of values of waves
per group is from the defined minimum of two to a singie
group maximum of 28,

The number of waves per group as a function of
TG/TR bands is illustrated in Figures 12A and 128. Al
TG/TR bands closely resemble the distribution shown pre-
viously for al! groups (Figure 1lA), The large variability
of the lowest TG/TR curve is due to the small sample size
of the band. The cumulative percentage curve best shows
the similarity between the distribution of NG for all wave
groups and for groups falling within the given TG/TR bands.
It also shows that there is no order or gradation among the
TG/TR bands. These two sets of curves indicate that there
is no dependency of NG on TG/TR. Regardless of whether the
group pericd is iess than, equal to, or greater than the

spectral peak period, NG ratains the same distribution.’

32




T W T BT

mp———

v

N I g -y

rw

T"" N T T T T T T L i — -
g
:

The histograms and cumulative percentage curves
tor N, with respect to relative energy, or VG/VR bands, are
shown in Figures |3A and 138 respectively. The most
striking feature of the histogram is that as the relative
energy in a group Increases (i.e., as the VG/VR band value
increases), the peak value or the value at which the numder
of waves per group most frequently occurs shifts to the
right toward larger values. The modal number for the
lowest VG/VR band iy two, while for the highest VG/VR bands
It is five or six waves per group. The shape of the curve
also changes as VG/VR increases; the curve becnmes |ess
peaked and the percentage frequency of occurrence of the
peak decreases. The curve widens as it flattens, and a
greater total range of values occurs for the higher VG/VR
bands. The latter features can aliso be seen on the cumula-
tive percentage curve. The standard deviation effectively
doubles from lowest to highest VG/VR band. The number of
waves per group is plainly saen to be related to the
relative energy that the group possesses. The greater the
relative energy that a group contains, the greater s the
average number of waves in the group.

Figures 14A and 148 are the frequency of
occurrence graphs for NG as a function of HM/HR. the ratio
of the highest wave per group to the significant height of

the wave record. The curves for NG for tho HM/HR bands
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given show similar charscteristics to the curves discussad
above for N, as @ tunction ot VG/VR bands. As the H,/Ho
bands Increase in value, the peak occurrence of NG decresses
in percentage value and shifts to the right trom two to six
or seven waves per group. While the curve flattens and
spreads out as H"/HR increases, the range of standard
deviation approximations also increases In magnitude; *he
increase teing from less than two to two waves per group
tor the lowest HM/HR band to four to ten waves per group
tor the highest band. The similarity between NG for HM/HR
and VG/vR bands |!s evident as stated (compare Figures I3A
and 14A), and logic would dictate that this indication of

a relationship between HM/HR and VG/VR Is to ue expected.

H are statistical measures that should be proportional,

R and VR
and ratios that contain these two parameters should also be
proportional. Thus, the higher the energy content of a
group the generalily higher should be the waves in the group,
including the largest wave HM’ and the number of waves that
the group will possess should be larger.

The distribution of NG with respect to wave
steepness, and hence relative wave age, shows similarities
to the distribution of NG for all groups (Figure I11A), but
with some important differences. Figure 15A shows that the

curves for all four steepness bands are very similar to

each other. All are peaked at throe waves per group,
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although the maximum frequency of occurrence decreases as
wave steepness decreases. The most s!gnificant difference
between steepness bands, however, is best seen In the
orderly sequence of the cumulative curves of Figure 198,
The medlan number of waves per group Is sean to increase
from three to approximately tive In progressing from sea
to old swell, The standard deviation varies from a range
of two to five waves per group for high steepness wavegs to
two to eight waves per group for low steepness waves. The
total range of NG values also increases as steepness decreases.
Thus, the greater the wave age tho greater is the prodability
ot wave groups having a wider range of NG’ and +he
probability increases sightly of there being more waves
per group. This seems entirely reasonable when one views
seas 2as generally having wider frequency and direction bands
compared to swell that have propagated over long distances,
b. TG/TR

The T /T, ratio for all wave groups Is shown In
Figure |6A and Is an approximately normal curve with a peak
value at TG/TR of approximately 0.90. This value is a
little less than | .00, which would be the value of TG/TR
if the average group period was the same as the spectral
peak period as shown by Thompson and Smith (1974). The
overall range of TG/TR values is from approximately 0.30 to

3.20. The cumulative percentage curve In Figure 168 shows
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that the standard deviation has a small range tn value
trom 0.75 to (.10 about the median of 0.90. Thus, the
probabliity »f getting a value of TG/TR much different
from one is small.

The trequency of occurrence of TG/TR as a
function of relative energy, expressed by VG/VR bands, is
shown In Figure 17A. The distributions for all six VG/VR
bands are approximately normal, but with several interest-
ing ditferences between them., The peak frequency of
occurrence of TG/TR increases as the VG/VR bands increase
in magnitude. Also, the value of TG/TR tor the peak shitts
slightly to the right from 0.90 to 1.00 as VG/vR Increases.
Figure 178 shows that the smaller the magnitude of the
VG/VR band the more probable is a slightly wider range of
TG/TR values. Thus, the higher the reiative energy content
of a group, the more probable it is that the TG/TR value
will be close to the psak value and also that the peak
value will be close to one. Theretores, the tendency among
high energy groups is for the average group period to
approximately equai the spectral peak period. Since TR is
fixed for a wave record, this means that for low energy
groups the average period will be more variable and will
(tkely be less than TR'

The 'I‘G/TR distribution by HM/HR bands s [llus-

trated in Figures |8A and 18B. Ali curves with the
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exception of the iowest HM/HR band are approximately normal,
and are centered about a median TG/TR velue of about 1.00
(Figure 18B). It may also be noted that as HM/HR Increases,
the probability increases that TG/TR s 1.00 (Figure 18A).
The curves for the |ower H"/HR vands have quite I(rreguliar
peaks and they also possess a larger standard deviation.
As was the case for NG’ the frequency of occurrence curves
of TG/TR tor both VG/VR and HM/HR bands are similar.

The effect ot steepness on the TG/TR distribution
is shown in Figure 19A. All four curves approximate a
normal distribution. The peak percentage values are
approximately equal, as is the total range of TG/TR values.
It is obvious, however, that TG/TR is a function of steepness,
as the distributions show a progressive march to the right
for ?G/TR as the steepness increases. The band correspond-
ing to low swell (G, < 1/250) peaks between TG/TR values of
0.60 and 0.80, while the band corresponding to seas
(1712 < GR < 1/40) peaks around i.10. The cumulative per-
centage curves are shown In Figure 198, With the exception
of the highest steepness band, the three remaining curves
are very paralliel to each other and the values for tvhe
standard deviation are approximately the same. The greater
the steepness of a wave record the more probablie it Is that
TG will approach TR in value for the wave groups contained

in the record. However, there is also a |ittle wider range
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of possible TG/TR values. This |s partly contrary to logle.
0ld swell of iow steepness is expected to have & narrow fre-
quency band, It would seem llkeiy that the range of TG/TR
values should thus be small and that TG shoutld approximate

T Since this |s not the case then how can TR be the period

R*
of maximum energy density for the record? This question will
be looked at agein later.
c. VG/vR

The frequency of occurrence for the ratio of
average wave group variance to record variance for all
groups is shown in Figure 20A. The curve is noticeably
positively skewed with a very sharp increase to the lett
of the peak between VG/VR velues of 0.80 to |.00. The peak
value occyrs at approximateliy 1.10. The sharp cutoft is
simply explained as due to the use of VG/VR equal to one
for defining wave gqroups. |f wave groups were defined solely
as those parts of the wave record where VG was greater than
or squal to VR there would be no values of VG/VR less than
one. As expiained earilier, however, other restrictlions on
the identification of wave group boundaries allow a small
number of values less than one. The peak occurring at a
value slightiy larger than one means that most groups have
only Just enough relative energy to be included as wave
groups. There was a wide range of VG/VR values found, ex-

tending from 0.55 to 3.60. The cumulative parcentage curve
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ot Figure 208 reveais that the median value of VG/VR is
appronimately 1.20 while the standard deviation about that
value rangns from 1,00 to 1.50,

Previously described grephs (Figures I3A, 14A,
17A, and I8A) have shown Indications of a relationship
between VG/VR and HM/HR' This relationship is (llustreted
In a different way by Figures 21A and 218. All curves with
the exception ot the curve for the highest HM/HR band are
approximately normal, The irregularity of this curve Iy
the result of a low number of groups In that band. As the
HM/HR bands increase in value the percentage occurrence of
the peak VG/VR values decreases and the peek itselt shifts
to the right. The curves also become |less peaked, mors

flattened, and extend over a wider range in the progression

toward higher HM/HR values, The cumulative percentage curves

filustrate these observations nicely. The standard devia-
tion for VG/VR ranges from 0.90 to 1.05 for the lowest
HM/HR band, while for the highest i+ ranges from 1.7% to
2.45, The principal message obtained from these graphs is
that the greater the relative energy in a group, the more
likely is the chance that HM will exceed HR’ and by a
greater amount. It (s aiso evident that the higher the
value of HM/HR’ the wider Is the range of valuas possible
for Vo/Vp.

The VG/VR values plotted for steepness bands

are shown in Figures 22A and 22B. Al| four curves are very
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nearly statistically identical, and it is ciear that wave
steepness does not affect VG/VR' in other words, VG/VR
will have the same distribution among wave groups regardless
of the age or distance traveied of the waves in the wave
record. ”
d. HM/HR

The ~lstribution of HM/HR for all wave groups
is shown by Figure 23A to approximate a normal curve with
a mean close to 1.00. The total range of HM/HR values is
approximately between 0.35 and 2.15. The standard deviation
obtained from analysis of Figure 23B varies between 0.85
and (.21, Although a wide range of HM/HR values is possible,
it is surprising to note that the probability of occurrence
is greatest when HM is approximately equal to HR' That is,
the highest wave in a group will most freduenfly equal the
significant height of the record.

The relationship between HM/HR and steepness
is shown by Figures 24A and 24B. The peak occurrence
percentage values on the histograms are very nearly the
same with the exception of the lowest steepness band which
is slightly higher. The value of HM/HR at which the peak
occurs shifts to the right as the steepness of the wave
record decreases. The cumulative curves also show this

shift, however, the standard deviation about the median
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remains nearly constant. The range of values in each band
; also remains aimost constant. Pigure 21A shows HM/HR and
VG/VR to be related, and Figure 24A shows HM/HR and Gp (steep-

ness) to be related. |t is surprising, therefore, to find

from Figure 22A +ﬁ31-VG/VR and steepness are apparently

unreiated.
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Ly rence graphs have been presented, described, and discussed

h e. Dp §
The length of each wave record was 1024 seconds. :
The duration or the amount of time that wave groups were
presont over that time interval Is shown in Figures 25A and
258. The histogram appears quite irregu!ar but the !
irregularity is magnified in the graphical presentation

because of the small duration interval used to generate the

histogram. A best-fit curve drawn to this distribution would

yield an approximately normal distribution with a mean of

about 575 seconds. Thus, on the average, wave groups are

e € il aaa e

present over more than hal|f of the wave record. This is in
agreament with the findings of Sedivy (1978). The standard
deviation ranges from 485 to 620 seconds.

2. Statistical Measures (tables)

Thus far |15 sets (two each) of frequency of occur-

for various wave group parameters. To assist readers In
their interpretation, pertinent statistical data on the
distributions have been tabulated and are presented in

. Table IV A-E. The sequence of the data is keyed to the
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parameter matrix shown in Table Il. The first four columns :
of numerical data in Table |V A-E contain Information from

the respective histograms: the parameter value at which the

peak occurs, the maximum parameter value, the minimum

parameter value, and the total range of parameter values

(the maximum value less the minimum value). The next three

columns are the 50, 20, and 80 cumulative percentage levels
from the cumulative distributions. As described previously,

these values represent the median and standard deviation

{imits, respectively. The next two columns are the 50 minus

the 20 cumulative percentage value and the 80 minus the 50

cumulative percentage value. These two columns when ccmpared

il e . T

-againsf each other give a rough Idea of the skewness of the
distribution. The last column gives the approximate

standard deviation range.

R i Pt e S T G g
.

C. EXTREME WAVE GROUPS

; The frequency of occurrence graphs examined thus far

f have utilized as a data base all 5548 wave groups identified
E in the study. These groups were either examlned collectively
or in bands according to wave gréup or wave record charac-
teristics. The engineer may, however, be particularly
interested in those groups which are the most likely to
damage a structure. These may Iinclude groups with a large

A ) number of periodic waves that might induce resonance in the §

42




T

<
e i

i bt

structurre, or groups containing a great dezi of energy whose
waves of large amplitude are capable of exerting excessive
flufd forces.

With this In mind, a second series of frequency of
occurrence graphs were generated, with the largest wave
group in each wave record being used as the data base. Two
means of identifying the largest group per record were
employed. The largest group was first defined as the
group with the largest number of waves, and secondly as
the group with the largest VG/VR ratio in each record.

. Frequenry Distribution (graphs)

a. Largest NG per Wave Record

Figure 26A shc 3 rhe distribution curve for Ng
using only that group in each record having the largest NG
value. The peak occurrence of the 338 records analyzed was
found to be at nine to ten waves par group, with the total
range being from five to 28. The curve Is approximately
normal, but Is somewhat positively skewed. The cumutative
percentage curve in Figure 26B shows the standard deviation
to range between eight and 12 to 13 waves per group.

Figures 27A and 278 present TG/TR distributions
for the largest NG per wave record. The most striking

features of the histogram are the sharpness of the peak

and the small range of possible values. The main peak occurs

at TG/TR equal to one; however, the median of the distribution
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|s somewhat less than one. The standard deviation extends

% : from 0.74 to |.14 and the total range is approximately from
| 0.50 o 2.10. The distribution shown in Figures 27A and 27B ]
is almost lidentical to that for all wave groups (Figures

16A and 168), indicating that TG/TR and NG are independent

variables. This was also shown In Figures 12A and 128,

) The distribution of vG/vR associated with the

[ xS

largest NG per wave record is (!lustrated in Figures 28A and

N

288B. The peak occurs at a VG/VR value of about 1.60,

although there are secondary maxima on either side of the

iri peak. The distribution is similar to that for all wave
groups (Figures 20A and 20B), but is clearly displaced toward
f larger VG/VR values and is more narrow-banded as indicated ]

by a smaller standard deviation (Tablies I1V.C and V,A).

E . Thus, those groups in the records with the largest number

of waves tend to have higher relative energy values.
! The frequency of occurrence of HM/HR with respect
to the largest NG per wave record is shown in Figures 29A and
29B. The distribution is approximately normal, with the peak

being around 1.25 and with overall values ranging from

S e oy e e o,

approximately 1.00 to 2.00. As with VG/VR' the distribution

of HM/HR among those wave groups with the largest number of j

waves per wave record Is similar to that for all wave groups

(Figures 23A and 23B), but is displaced toward largsr HM/HR

values and is more narrow=-banded (Tables IV.D and V.A).

g
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The curves suggest that for groups with large numbers of

waves, the highest wave In a group will aimost certainly

exceed the significant height of the record. In wave

Meiatitt okt il using iofis

recorde of |7 minute duration, HM will tend to be about
. 30% higher than Hpo
b. Largest VG/VR per Wave Record
The distribution curves for NG’ as illustrated
in Figure 30A and Figure 30B for the largest group VG/VR ;
value per wave record are generally simitar to the curves
for the largest group NG value per record (Figures 26A and

26B). However, the peak lies in the range of from five to

seven waves per group, and the distribution has a siightiy

larger standard deviatior. The long tail to the right In
both distributions suggests that those groups with the most

. waves also have the highest relative energy since it appears

e e AL+ St ar it AL (-

that the same groups make up the tail.

Figures 31A and 31B are almost identical in
every respect to the corresponding TG/TR graphs generated
for the wave groups with largest NG per record (Figures 27A
and 27B). The description of the latter figures given above
therefore describes these figures.

The distribution of VG/VR for the largest group
VG/VR per wave record, shown in Figures 32A and 32B, is very

similar to that for the largest group N. (Figures 28A and

G
28B), but is displaced substantially toward larger VG/VR i
. values. The histogram shows that the average variance of
{
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the wave group with largest energy In a record may exceed
the record variance by a factor of more than three, although
a factor of 1.75 to 2.00 is most probable.

Figures 33A and 33B illustrate the histogram and

cumylative curves for HM/HR associated with the largest group

NPT PwTY

VG/VR per record. The distribution is very simiiar to that
for wave groups having the largest NG per record (Fligures
29A and 29B) although it is clearly displaced toward higher
HM/HR values (Tables V.A and V.B). The histogram shows that
groups having the largest relative energy in 17 minute wave {
records may have HM/HR values as large as two, although a
factor of 1.3 to 1.6 has the greatest probability of
occurrence.

2. Statistical Measures (tables)

Statistical data on the previous eight sets of

frequency of occurrence graphs for axtreme wave groups have

ot

been tabulated and are presented in Table V.A-B. The
organization of the table 1Is the same as previously used g

(Table IV.A~E), and the same interpretational comments apply. j

it




Vi. SUMMARY

The purpose of this study was to use a digital analysis
technique to examine the statistics of selected wave group
p;ramc?ors. Wave groups were defined as packets of waves
whose energy density I|s greater than that of the wave
record as a whole. Wave group boundaries were mainly deter-
mined by using a sliding window to calculate the short-term
variance, which was then compared to the record variance
(variance being proportional to energy). The short-term
window length was taken to be a function of the spectral peak
period. The wave group measures of interest were calculated
for each identified wave group. One set of statistics was
then generated using all wave groups and another set using
selected extireme wave groups only. The distributions and
interrelationships of these parameters were represented for
analytical purposes by frequency of occurrence graphs.

Wave records were obtained from a Waverider buoy moored
in Monterey Bay on the outer continental shelf, The wave
records represented deep or intermediate depth waves, and
covered a wide range of significant height, spectral peak
~zr:ud, *.. wave type (represented by wave stespness). Only
wave records that displayed a unimodal spectrum were con-

sidered for analysis, and 338 of those examined were chosen

skt
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for analysis., The analyses were performed on wave records
having 8 duration of 1024 seconds (about 17 minutes). The
data base from these records consisted of 5598 wave groups.
The portion of the study dealing with all groups ylelded
results buoth interesting and unexpected. It was found that
the number ot waves per group increases as the relative
energy of the wave group increases. |t was also shown thuat
the average group period approaches the spectral peak period
for groups »f high relative energy. The steepness of the
wave record has no effect at all on the relative energy of
a group, on the other hand, the lower the steepness (hance
the greater the distance that the waves have traveled) the
larger is the num er of waves a group will tend to possess.
The height of the highest wave in a group (HM) tends to
approximate the significant height of the wave record (HR).
The greater the relative energy (VG/VR) that a group contains,
however, the greater is the probability that HM will exceed

H Although relationships were shown to exist between

R.
relacive energy and HM/HR. and between wave steepness (GR)
and HM/HR’ no relationship could be shown to exist (or the
relationship was so subtle as to not bes seen) between GR
and VG/VR.

The extreme wave groups used for statistical analysis

were divided into two sets., The first set was composed of

That group from each wave record having the largest number
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of waves, while the second set contalined that group In each
record having the largest relative energy content., The main

feature of these two analyses was the similarity between the

TR

| distributions of both datas sets for the same parameters,
3 . Although the distributions were displaced to the right or ]

left of each other, they were very nearly identical. The

- average group period of both sets of extreme groups was shown

to approximate the spectral peask perlod (TG/TR * |), and

the maximum wave height was shown to substantialiy exceed 5
the significant height of the wave record. It appears that

those groups having the largest number of waves were also

N

L the same groups that possessed the largest relative energy.

.
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Table |. Definitions cf wave steepness and wave age,
applicable to deep water only (Thompson and
Reynoids, i976).

WAVE STEEPNESS, G

Monochromatic waves j

= wave helght
wave length
= wave perlod

-rX
[ ]

H H
G ™ ™
M T Z Z
f% T 5.12 T

Spectrum waves

" - "R Hg = signiticant
wave height

- R
ROl sazT?
TR = gpectral peak

period

G

WAVE AGE (in terms of GR)

G

. wave Age R
Sea 1/12=1/40 ;
Young Swel | 1 /40=1/100
Moderate Swell 1/100-1/250
Old Swell 1/250+
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Table 11, Parameter matrix for all wave groups.
NG TG/TR VG/VR HM/HR DR
No
Figure |2A
T./T
6" R lIFigure 128
(4
= VG/VR Figure 13A] Figure |7A
S Figure 13B]| Figure 178
®
o
2
& Hy/Hg || Figure 14A]| Figure 18A| Figure 21A
> Figure 14B| Figure 18B| Figure 218
GR Figure I5A] Figure 19A| Figure 22A| Figure 24A
Figure 58| Figure 198| Figure 228| Figure 248
At
Groups || Figure |1A] Figure |6A] Figure 20A| Figure 23A |Figure 25A
Figure [IB| Figure 16B| Figure 20B| Figure 238 |Figure 258
51




TABLE

L,

Parameter matrix for extreme wave groups.

© ey ey v

Largest

Grou Figure 26A| Figure 27A| Figure 28A| Figure 29A
N )P Figure 268| Figure 278| Figure 288 Figure 298
6
Lg:g"* Figure 30A| Figure 31A| Figure 32A| Figure 33A
up Figure 30B| Figure 3i1B| Figure 32B| Figuru 338
(Vg/Vq)
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WAVE GROUP BOUNDRAIES DETEAMINED
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Figure 4.

A

Illustration of wave group boundary definition.

60

VARIANCE RECORD

et miad et B

T

P
‘ ] TINE

WAVE AECOAD

it e




Lo, S "M‘H

eEs T,

[

g g~ ey

W'

X0

s ) MONTEREY
\ B MmILES

el ¥ { L

. DEPTNS IN FATHOMS ;
[l ) L

Figure 5.

R T e aniiae

Location of Monterey Bay Waverider §
Buoy.

BRERET ¥ SRR WSR-S 15 T NISONCIY R - WURPRELR.. 5 VLGN ot SARFRLT SarlP R



.,..
R A

R

2

|
|
>

i

10 — P ==

SANTA CRUZ WAVERIDER

L 1 L b,
Ll 1 i L

T (sec) 20 16 12 8 4

-+

Figure 6. Example of CEDN graphical spectra
presentation,
3
4
b

K 62
"

L . — e——
Lum L VTR Y Y L il Tk o L e ke S

¢ ——— s e s

S

ar bt




}i-‘l’i ——— rwwer o rereore o - o e g i o e e e © e e s s o s gy e < 3 v e+ e

I

W M

!

o . m
m
1
4
|
»

i
.
| =4
! (o]
f d DO CMA = CM CC G NO = GO MO B OB TO eMm -
® New FOC A G0 O BOC P B NIV BN SEO OO V) 8 +
el otelfes ofed oteld eded o ot etet oo ~ - - [ ]
{ ~ . +
- ..l B VOGS =@ = =N CO B I —<P BN B~ BN PN B c
E & o Kev 1B N B NEE KNP BE SUe G YT BS w6 Se o
i ] N =N N N NN = - -e ™ ot er oo - "
! > ®
A & SF TN @0e Mo GM <0 AGN O PN NEN MM Mev A8 DA e [N
: - O (1 - - oo - ” - - o
. 23 SF 22 NNS 22 25 58 IUC Y% Nz See 80 nes gy KN o
| Ev - ©
“' XE @r AAS O AD N AR WR NE <M N PPY B -6 ee P )
-lm vl et WON NN B GO @ T ol NEBEC W~ M O 8 NG R o . :
< N etos = - e - @8 (et Metot oo ol Ne? otes ottt ) .
s* £- ® P
nn .ll" TR MW PO AP P GV B BN MO EWN SMN TP D = a P 2
ED i o <N O M PO MO DM B0 —~ON ¢ ADO B9 oM o8 ("} \,A
-3 Je - e 008 MEE e - 0 st e - o v
-3 = : E
“m “C BC MO® OF O NG POT PT N~ PPEBO MN MIAE B .- ND m
- o . o . o o . e . - . e o « = - s . » « e o » o . s . e & e o o .
0. - y
£, S T Y8 R WY w0 opg om0 vge on ooy Ax 26 ee |
L ~- o a " f 3
N »w .“ ) BN SN S AN MO BN NG MM MO S~ B B0 ~-~ 20 © O ¥
! B 87 v 1rc e o6 NN BRE M SEB —ne M SHN Be AN B + 4
-ae N ewotes ] -t oo - ~ - -t .
|l- -
“ ® AT OME MR BN AN BEY NN TR VO M SA8 M~ BN Me w E
- L, M ONS e Be B B <= =S @e— ~~ BMY W= ®e en w !
o [ . -~ -t 0 - -
(] (&) ;
S CON VON T B ol ~MNd DG N PPFTE PP S PPN DY WY w .
8 65 ssis L6 U S EGE- -6 GE SES &S S-S~ -5 o8 o o ,,M
- E
- =5 o® M
o “ s PIOR GW WO MV el MO NG BMes B B BB N S -_— ; .
- - —“PP WA AS Y BEP =B AN MM DB YOS 98 OO a ” X
- o nu 13 s S 2 “”l om 7“ ~nn 9-“ 2‘“ 0 - ”3 3 4 E : K
> ) SO Nelll B s PR GA® BB OO Al PO B~ ON SO oD 4
“ - . P - - et Ol et eded - [}
x e
[ 3
“ ES M PR PO O <@ WOMm A B MOY BM SMINDG S MM POY w
- <8 @ WS S G P NET OF NN RN =N =l B NN ~h
- e PO PPN e D Bt Jlemt i NN <@ DD SMM MNP NN NS m
»e «*» -0 e ool el obted - =l -’ e -t o ot -y vl - - -t . oo -l oo - ot ot - o -t e - . ¢
Nn w P SO0 N8 EO Mh AL A A MG V8 D0 W0 BY MM r~
(T2 ] dE ¢ O OO M MO BEG 00 568 BN NY PV YV G ww “
- “.l ) nz ) [ ” .Q. » - o &9 uNn - B e [ ;
" . ." - - -p -t -0 -t - - @y G - - - @ ee e .“,
=xo- >~ i
.“ @€ e MON M oo MmN e A O® PG BE vmw NN M L L 4 wu b
«» a et teted wtet wb bew i A
—
w ’ w
. 3

i il st e e it e e e i . e+t st o

S U U P DR SO PO PN ittt




s m————

D, - te T Al e’

- . T # Py < war - e v e e m e e ——

‘gy| Jeguwnu puodeJs eAem jo sishjeue |esydeds -g eanby

.aﬁ:. AIN3INO3HS

MR pm e v mmmj

n9 .o gs .o sh .o oh CE .c he .o a1 .o 80 .o 00 nmu
o
o
oA
4 1
= ! .
S L
o
o
Q 4
™
=23 4 4
oX
ofV b
x .
— ...,
O ~
o= ..
o R
o P
o M
o 1
0 .
o :
! :
| o
(=] : ~ i
o . i
o o
)
]
y
: - F
- _
4
- A L . — " et i s+ et o BeSA s et \l}k




-
]
*G8Z JOqWDU PIODBS PARA 40O sysAjeue jesgseds 'g @4nbyy
!
(ZH) AIN3ND3YI . {
. . . . g * 00
; "9 -0 95°0 8n°0 on°0 ¢E'O he'o 91°0 80°0 aw M
° d
i i
TM“ ~ h
[=} i
0 1
1
{
« ;
= 1
o e .. “
o .- &
DU
x S
25 m
o . i
0 .
o
[ Tz
e
g (
.
! -0 .
w o #_
m_ g ~ !
;
1

L. - NV B U SR . s e ; P b ias k




e el LT ppym— e e

-
[o]
: c
! o]
+~
L | m >
- Fe]
7 s o
s : ¥ .
e . oo ] ” m
©
3 o
o eose . . n ) o
i L
T - o o '™ o oo . L £,
= c 4
“- o /¢ ¢ 00000 swe ¢ o o00 o a
|3 [ J
bt o000 0 00 we o 00 @ * . 4 @
s 3 -
= o /0 o ow oan wo » [ eee o oo . .nw O %
4 oo ©
oo o o0 @ ®ooem o o . c — o
E g Qa -1 i
[ X ] - e & munoee e LX) oo ° € . .
- @ J
- ebe o o @Ev e oo Lx] . - T " 4
S o]
e o@em oo " e e . k4 —_— " ‘
8 Lo
so g o e oum o00 . o L ,
s a9 :
e ocemw o o o oo o N
- @ 1
- b
! . = )
8 il §
o 2 B
@ © ! ;
x> i
s {
- ! | A~ [ J [ » - -
o TR i ilan? S
[ J
! [ W8
: J -
! o
i
1
o . 4
. - * - AJ
3
rd
L e i Ml i e M e ot e P - - - st W Al Mt i e, s st B




[

?
I
9
:

S

00°81

00 -9t

sdnosb eAenm

S Ty e e e = - g e

j1e s04 wz jo weaboys |y

(9N) dJNOY9 YId SIAUM

00 i oc.ﬂn

00°0% 00°8 009

‘vii eanbyy

00°h

00°

Y

%
8

R T .
e 0 el RN N 1 e

67

.. -
N N2 it o KA L A S b i MR

e el Mt 12 M



;
:
2

*sdnodb sAea ||e 40} 9N 30 uvoy4ngragsip ebeguessad aAjse|nWNY)

00°81

(ON) JdNOYS H3d SIAUM

1 1

0o°s

00°h

00°

eanby 4

00°91 00°hi 00°¢l 00°01 00°8

T P P U A

e A et b

e ol a4

® 3
0 .
T

i

PR

P
L

L A I RN LT

B85 SR

sy, _..1 'm Ol w0 _:.i.ﬁ_; o

—— g

2 ], e vt A Y, ey A v i it

o

o ko

Ll



ST FUT RN TS e

N TR WY YO T W T T W e T

R

e A ol e EE e

oD -"91

- - - — - -
e ~——— e g ey A e P e e i e TR i, s
Ladesbactdact o T R

00°91 00 °hi

+08°1
Bh 1-62°1
he 1-00°1
66°0-5.°0
hL°9-0S°0
6h°0-5¢°9

SONYS 1)/9)

80¢o¢+

‘Spueq dnoub gagk Y

00°21 0001
1..4.,(r\l|'~ . .‘,

h\wb 404 wz 340 wedsboysyy

(ON)  dNoH9 H3d S3IAuM
0D°9 00°9 00°n

‘YZ) ®anb),

Oy

69

R R LW N L T P

Viad

Wy

SRR MR

it

PR

M s

R

NN T T

ESSC T RN

Ty

X3
. o

9

Q

¢ o

[] ! -~

Q

o

.
L ]
i e a ST T T P PP SR ¥ i

Ll



(aaacd o od S o Py Y bl e bl W NI T R e < ma n =y o B
o e e s g Wit = =+ -
r— T e g e

*spueq dnoub
aAem xhxmh oy} wz Jo uoypynqgriysip ebejuadsad oarjenuny +gz) eanbyy

(IN) 4NOYI Y34 S3IAUM
00°81  00°91  O00'RI  00°21  00°UI 00°8g 00°9 00°h 00°2%,
o

r

«0S° 1
6h°1-82°1
he 1-00°1
66°0-9L°0
hL°0-05°0
6h°0-52°C

B0d6O¢+

3
.
|
®
M
]

SONUE ¥1/91

B enae,
UL

3OULN

00°08

Qo -oat

-
- ———
Db sasd T W, e

ot e b b Ly Attty Aot st = e e dry . - . L3PJ I < 3 el it il 23
y
TN e
[ FERIC Do e i fE\‘L




P < P 7 =~ vy TEWE o T 5 B et e —— r -y

cspueq dnoub eaem z>\o> Joy wz jo weasbojsiH °vgl eanbyy

+00°2 +
66°1-GL°1 +
hL°1-05°1 @
6h°1-52°'1 ¥
ne't-00°1 @
66°0-SL°0 O

SONH8 HA/OA

00°02
3J43d
71
R NIV e A B do S ikl e At R TR v Y

FRRTWONE STXRININCT

—— s —r——

s ool Fostn etk v WM a0 K

T
-
L}
{
4
E
3 im,.\&u

i A b b5 i Fd L oo O e & kit M aet e b e L el i s P b fear s e s Mib A makrln ke, i 1t ? il i albinis . %




S —— L e e L T AR . S Wy [TV VP T T o

C *spueqg dnoub w
o OARA ¢>\m> 404 oz 340 uolinqyiys)p ebejueoied eajienwWn) °ggi eunbiy
. . . (ON) dNOYD ¥3d SIAUM . . !
00 ar_ 00 m_ 00 m_ 00 m_ 00 o.— 1)) .m oorm 00 h 00 m.u ;
o i
d
)2
n n,_
SO 4
k oX H
> c 3
— :
3 D A
=
=1 o~
3 A ~ :
am 3
n 1
+00°2 + - i
66°1-SL°1 & 30
nL°1-05°1 @ o m
6h°i-52°1 ¥ o= j
he°1-00°1 @ D w
66°0-S.°0 @ o P
oM i
SONHE HA/9A o Pl
o L _
o {
i i
: w
5 .
o )
o 3
j M.
L . . . -
i Melinihatisu: o= A Yool e ok il - m
. -- ..
b ‘ - L

CiE e i e e e e S B o o o o et ki e el o b i mn okt L e o mamia et A rha ik A GO ..“lk.,EiEE



MDA iaicc BRGnihs G-iremeprioin 1 it

*spueq dnoub eoaem m:\:: Joy mVz 4o weaboysiy

(ON) dNOYHI H3d S3AUM
00°6

R A A Siciie R e O A

‘¥YyiI @anbj4

09°t @
6S°i-0n"1 X
6E"1-02°1 +
61°1-00°1 V
66°0-08°0 @
6L°0-0e°0 @
SONHEB HH/WH

73

»

[

sl

e M

o s g i




oARA z:\xz Jo}

00°¢1

00°St

9

00°€El

‘spueq dnoab

N JOo uojinqliysip ebejueduad eAyjejnuny *gy| ounby4

(IN) dNOYID "H3d SIAUM

i L

091
6S°1-0h" 1
6E°1-02°1
61°1-00°1
66°0-08°0
6L°0-0£°0

SONHE HH/H

rgeod+Xe

00°11 00°6 00°¢L 00°S 00°€ |,oo.mu
o
o

TR T TV T ke T wenraenoey s T T T Tt R SrERT I ST Rt TR TN N U ST s T

74

R

w.
i
-4
i

-

FUTEFRURE S 1 SV NSRRI TR SPe P I e TR S VI




*spueq dnoub6 eAeam mw 104 @.z ;o0 wesboysiH °vgi @anbyy

- (ON) dNOYS Y3d SIAUM m
00°81 00°9I N0 hi 002! 00°01 00°8 00°9 00" 00°2, _
o

AE

n

LTS T
SIS VR ST

RPN 72 RS )

w P
™~
:
+052/1 @ O ,,
gses1-00t/1 ¥ o L
001/1-0%/1 @ o ;
phs1-21/1 © A
= :
SONYE H9 . Jo n .
) o : |
o

o B

00°QS
AR VI T F e ST N T

el




‘I!l!!llll!llll!]!lﬂwwi v e e e e s+ e e e -~ , e

‘spueq dnoub
SAGA xw 40} wz 40 uoy4nqiays|p ebejuedsued eaAssenuwn) °ggy o4nbi 4

C (ON)  dNOYI H3Id SIALM ] )
| 00°81 00°9i 0C"ht 00°21 00°01 oo.o 00°9 00°h 00 mu A
. o .“.\.w
- |°
s
5 {
: i
3 o
' , »
V uMM“ M :
| 55 2 1]
ﬁ = , A
, o0 _
w +362/7 @ O |
' 0s¢si-p0t/1 ¥ o ~ m
| 00i/1-0h/1 @ e 4
” Ohs1-277: @ ; 4
W ; o

: ® i

w SONYE YS Bl _
i o i
v o i
| ( 9
. ———e- -5 i
o 1
o ;
o v ]
.
b4
o
! i
. . . . . } u >
b A
_ :

LI
*



*sdnoab onem (e 4O} mh\wh jo wesboysiy °v9| euanbi4

L e iy a——————— e

H1/31

e

B Y

e

TENRY TR e

i
4
B

C Mol L ISR L e B

St ol

i aon b dl

j
A
,j r~
| =
]
ﬂ
|
A,v
i
H
L ;
d :
o
o
(7] :
b '
(= :
o -
f
1
|
|
1
5 _
(T oA 2 o oo T e R ) P
- Za :
f
-. - o4




S S S S S g —— vy v 7 e

oARA | (@ U0y m._.\w._. J0 vor4nqiassip abejuasaad earjeynwny -g9y einbyd

w *sdnoub

P : 41/91
{ 00°h 0S°¢ 00°€E 0s°¢ co..N 0S

-
-

=
-

i

18

: c

: o
+ ' b
’ 1
: : m
u_ o
. ~ {
g

_ }

." :

5y

[
enikalobiid




0S°h

L
i
4
1‘
1
E
i
]
t
1
1
3
i
1
i
}
i
EJ

‘spueq dnoub oaeam m>\o> JOy m.—\eh jo weusboysiy °vyz) e4nbB 4

B,

Hi/91 A
0S°€E 00°€E 0s°2 00°2 00°Q, ,
el n .
o 2
[ ] o ”\A_
.-._
K
il
o
b4 i
b
0 M
23 !
°m o J
N .
— r~ !
+00°2 @ -5 ] !
66°31-S¢°1 X (®m v
%t-0s°1 + o !
6h°1-62°1 ¥ o m
#2°1-00°1 @
66°0-5¢°C W i
SONEB HA/9A . 1.M !
Q
(=]




L L sk B o S ot il d ade st I 0l e —y T o e

*spueq dnoub eaenm

x>\o> 404 zhxwh 40 uvogsngissip ebejuedsod easje|nuny -gzy ssnbjy

{
2 s Tl ‘\-!&_A‘ﬂj

. . . . 41791 A
0sS°h 00 % 0s°€ 00°€ 0s°2 00°2 05”1 mu §
w o -
oo ‘
oC ! %
oX
n i
— 3
+00°2 @
65°1-SL°1 X
wec1-0s°t +
6h°1-62°1 ¥
n2°1-00°1t @
66°'0-sL°0 I
SONYE HA/OA .
568888




00°h 0S°€

0g°1 @
65°1-oh°1 X
ge-1-02°t +
61°1-006°1 7
66°0-0¢°C ©
6L°D-2¢°0 W
SONYE HH/HWH

mr\mv 3o wesboysiy ‘ygy eanbyy

Mt IRGNE. " W

_m kil ‘i 'd

8l

4
1
E
¥
"
©m
Q d
@ ' |
; m
= -
o
o
2 |
| on ]
(=] §
® 1
g .
0 .
. . m.
4
- L




G T T g e y e B TR ST e T T r——r—r TR g T T W Wt (o oy - j

]
*spueq dnoub eaea
mm\:_.. Joy m._.\w._. 40 uoj4nqiiisyp ebejueousd eAjse|NUN) °'gg) 94nby 4 “
“_
3 . . . 41/91 . . q.
03°h 0S '€ 09°€ 05°2 00°2 0s3! 00°1 O |
Q ;
i i
RE
Sx
c
—
“.m :
o< ® k1
o o
x o
ps*t @ -3 C
65°1-0h°1 X ol ”
6E°t-02°1 + o .
61°1-00°1 ¥ > i
66°0-58°0 @ o i
6L°0-0c°0 O o™ i
SONBE HH/WH o A
(=] .
o N
b
o
[ 2 5 i ,
o
[= s
2 b




R T e

e aran < e sr—

RTINS

R~ datotabu dic o i te s o kel dadian s, e e e O g

*spueq dnoJub eaAeam mw 40} z»\wp jo wesboysyy -yg) eanb;y

. Hi/91
oo.s oa.w

+052/1
0S2/1-001/1
cgl/1-0h/1
oh/1-21/1

SONYE D . ﬁ..,n.

Bode

83

WA et D e T S i Tl .
e T i aes e o o 1 5. M ke e e 2o oot A




W
w

ST RIS AT TR eneE L o T reee A
)

B B bbbt i

—r_———

© —— e ———— e -~ -

s

‘spueq dnoub eaenm

mo 404 mh\mh JO uvo4ngyaysp obejuedued eAjsenUngy °ge| eanb4

v——— T

. T -

84

L d > L ] - Ib\uh - [ 3
00°h 0S°€E 00°€E 0sg 00z oy 00°1 0S°0 00 mu
Q
Q
N
S0
oC
ox
c
~
D
fhl..
[ == TSN
P 4
am
-
o
+0s2/1 @ S=>
052/1-001/1 ¥ °4
001/!-0h/1 @ D
onh/i-21/1 W ©
a™M
SONU8 49 -3
o
o
-0
o
o
(=]
']

™

s gt e




oy Ty NPT T ez o . - R R . — -y - .ll!-li.id;‘liwi‘iiv\:ni:ﬁ

‘sdnoub eAem ||e JoO4 m>\m.> jo weuboysiy °yoz 9«nby4

HA/9A
00°h 0S°€ 00'€ 052 002 0S°1 00°1 05°0 _ _00°Q,

" - - -

L
85

o s ¢

% BV I L e ah s et e h s e T w2 e A o L a4 et s i son Y e PRATUORSN




T T Do W T T ad T g TR TS e 0 omrTT gt e gens s o T o s - e . r—
" - —— v~ i g - e

]

i *sdnoab eaem jje
J04 ¢>\w> JO0 uvoggngyays)p obejueduad aargenun)y °goz @4nb1 gy

HA/IA
00°h 0S°€ 90°€ 0s°2 00°2 0s°1 00°1 0S°0 00°Q,

-

h
1
86

0
3

r
9
)
e i o

e A s i 4 Sl

b L

L] o . H

© o

— Lo

2-6-8-8-0-2-8-6-3-¢ 10 1 _

3 i

o n"h

o

[
i L
| !
. e

. b=

o

T

gt IRy o A N - STt - .
Hzaled TARRETNL Ll il i e arlein G st i e i aes oo oty o A NSOV . o ¢ e it ittt it




i T e b U e — S e - l. ‘
— > it m - : - r
T - d d

i
*spueq dnoasb eaem m:\zI 4oy m>\w> jo wesboysyy °vyiz eanb 4
o
HA/3A _
00°h 0S°t 00°E DQ.N- 00°qQ, i
q a A A .y W < .lno w
0 v
. i
- L
o
o
0 it
o
) %
Nryy W..“
ﬂwmw = 2

09°'t @
65°1-0h°1 X
6e-t-ge-1 +
61°1-00°1 ¥
(0]
n]

66°0-08°0
6L°0-0E°O
SONBE HH/HH

*0S

00 00°0h

o

¥
e o, s e ¢ — e ————

i R
T - e s il il et
S T ) S T e e B e e Aot it - B aiiaan T bl ikt e o x e o e ok e el i3 st e




T e e
B b

]
i

¥ s *spueq dnoub aaem
H/"H 403 “A/YA 40 uoyyngiuys|p ebejuecuad eajtejnuwny ‘g1z o4nbi1 4

. . . . HA/IA . . !
00°h 0S°€ 00E  05¢ 00°2 3950 _ 00 _wu w
. o i
o ;
. !
N
,..03 m
ol
ox .
Z :
» !
H w.-
52 s [
am a
F. 4
h £, 4
m w
09°1 VoA -MB g
65" 1-0h"! o .
6€-1-02°1 + o=. m
61°1-00°1 ¥ > 1
66°0-08°0 @ o i
62°0-0£°0 [ oM | ”.
SONUE HH/WH S m :
o i
i !
;’.I.hnﬂﬁn,lv LR 4 = o o B ...nl.u _
o i
o . !
o {
|
P
* * . . - M
e - T T TR T e UGS, ~ By it SRS n

k o g, ks e e o .. . -
i e M B e L P P b v
I R P rit in ettt i o st it ensitiabntitngsatividl




‘spueq dnoif saea cw J04 m>\o> 40 wesboysiH °*yzz e4nb) 4

HA/SA
05"k

+0G2/1 @
0s2/1-001/1 @
gotl/i-oh/1 @
on/i-2171 @

SONYG U9 ’ -3

Q

9

ny

ke

<

he e

89




-~ — - e - < v - T g . T g T T TR gy, BTy et = Cewime e e auemwems e «ﬁJ
i

T TR .
Py

*spueq dnoub eaea
mw 404 ¢>\w> 4O uoj4nqi14sip adegu=oued esjje|nwn) °gzz e4anbyy

.

HA/JA
IS°h 00°h 0S°€ 00°€ . 05°2 00°¢C 0s°1

O
c
o=
[ e
— ;
U h
= 4
== f
< o i
Sm o
-
m
H I;
om |
+052/1 @ Sz {
us2/1-001/1 ¥ oZ .“
001/1-0h/1 @ D !
ghs1-21/1 @ N m
SONUE 49 -5 :
3 .

A S T I T et I L T oo TN - U




W“\ *sdnosb eAea (|@ 404 ¢:\z: jo wesboysiH °vez e4nbByy
W* WH/HH . . .
! 0E°2 S0°2 08°1 SS°1 0" 1 S0°1 08°0 s$°0 o€ mu
1g |
L&
o .
© _
-
e
03 -
Z o A
—
3 ;
[®m
Q
o
_
.m..u. A
o “
o !
L@ |
o
o .

L T TR T e L




-

o ——

i o

oE°e

e T e i e - —
. PR

*sdnoJb aaea (e
404 YyMy jo uoyinqyiysip ebeiuessed eajseinEn) ‘gz 04nbi4

HH/WH
ot 1 S0°( 08°0 SS°0 9€°qQ,

2 1 g A /]

so°2 08°1 SS° 1

92

P T, Y JpF "}

B e VT SR W




q!lll.llf 41ili;iia;.;.iiaaifx:}lf,f fJ-if . T
m A

*spueq dnoub aaAem xw JO}) x:\:: jo weisboysiH ‘vz @4nb) 4

__
| HH/WH . ) o N
- 00°2 SL” 1 0s°1 s2°1 00°1 - SL°O 05°0 s2°0 00°Qy |
| ) o _
w i 3 A
m_ . |
W !
| -
ﬁ b= !
w _
w ) !
e o L
z J
,_ z _‘
m D w_
"o ;
| «0S2/1 @ = *
: 0s2/1-001/1 ¢
% 001/1-08/1 @
V os/1-21/1 @ . A
“ i L _
, soNyg ©9 . mu _
W : - [=] m i
,ﬂ b
w o i
© |
| ; |
f |
. . ]
oo

LR - U7 &P I T e L R - - ntlietan . —ry



i " ” ‘spueq dnosb eaen
ﬂ 9 J0} ¢:\ H 0 uoj4nqiiis|p obevjuedseod eajsenun) -gyz eunbj 4y
,,

| . N . . HH/WH . . .
002 LT 0s "1 s2°1 00°1 sL°0 0s°0 s2°0 00 nu
o
Qo
r...ru.....
aC :
ox
c
[
D
= -y P
IlOI ;
- 5 )
am o T.\ !
L
i ) =
m ]
t.“aJ b w
+0s2/1 © e ?
0s2/1-001/1 ¥ oz M
001/1-00/1 @ D {
on/1-21/1 G 24 !
K- 4
SANYE Y3 o ;o
o 1 :
© |
H . !
'.o ”
[=4
- .
-
| |
{
]
b
. . ] . . Co
~ 3
_

sk o g k. "

]
ras va




-t P
P i
d | M,,
!
*sdnoub eAem e Joy zo 4o weaboyisjy °ygz eunB) 4y M
| |
o . . . __(40) _NOI1HHNQ . ] . _
: 00°09¢ 0S'.69 00°S€8 0S°2LS 00°0Is OS'LWh  00°See.  0S-22€ = 00°09%, ;
| o m
; O oo
” '
i N
_ -]
i o
& v “
A L=m h
ﬂ 33 5
' m
Z
l [}
o ‘
, L)
i .03
o ;
i ,,
: . e
; b= f
L ° .
|
| -
| )
3
t




: *sdnosb eaem (e
Lo* mo »o:o_+=a_g+m_vmmm+:mugmno>m#n_=e=o.mmmmgzm_u

(H0) NOTibgYNa
: 00°09L 0S°LES  D0°SE9  O0S°2LS  00°0IS  JS"Lih  00°SBE  0S°22E  00°092,

0
I

0
3
96

!
i
.m




*pJ0O0d o>w

m Jad Qz dnoub
N 30 weudboysiH

ssebie| :sdnoub eAem eweuyxe JoO}
(ON) dNOYI H3d S3IAUM
oo.m- ca.mm llmo.aﬁ cc.m_ co.&-

00’8 00°3 00°h

*y9z e4nby4

o0’

.

~

- e IR TN M S RN T ekt g

E\\

~

9

4:

00

0001

g0 °"0h

00°0s




v e

*p402e4 _9Aem Je8d wz dnouab tsebue| :sdnoib eaea
QuOJI4{X9 JO} mz JO uo(4nqLa4sip efejuedried aA(fe(awnl °897 vanby 4

, (IN) dNOYD H3d SIALM
00°8! 00°91 00°hi 002! 00°0! 00°8 00°9 00°h 00°%,

1 Y

.
FhL
g

e e A arn s — oo

0
J
98

*Gh
W3

BEC W 5,0 4 iRk P IRV

.
o |




}I " YT e e ety - et e g+ e L F U Y
S B T T T
1
t

ST e e

*pao204 o>m: J0d muz dnoub
ssabuey :5dnoub arem oweuyx0 4O} zh\ 1 30 wesboysiH vtz eanbyy

e e v o

H1/914
02°€ 08°¢2 oh°2 00°2 09°! 02°1 08°0 Gh*0 00°0Q,

3 o

0
3J
99

DR b e

A
R S e L N T ama

A o B R L AT o . 5
o L e M ek s it s o : R it e et i ot E&
—— e el e A e aadieliint o s e it il st & .




G2t

*pagoes oaea ued wz dnoub jsebuey :sdnoib esem
WU IX® JO} m._.\ 1 30 uopsnqiassyp ebegusasied sAajjenun)y

) H1/91
08°2 oh°2 00°2 09°1

‘gLz ©4nby 4

00°09
3951N3JH3d

00°08

v

00°001

100

- e




Aaa .

*p4ODO0s OARM Jod mz dnoub
jsebie| :sdnoub eAem ewesyxe Joj ¢>\ A jo weiabogsiH  ‘vgz @unbygd

L d L d . . m>.\u> .» L] L] .

0L°€ OE“€ 06°2 0s°2 or-z oL": A 06°0 0s°Q,
(=
o

e

e

01
"3
101

———— rm—

90°02

a—
4

Tt i

a.

1

. -

-
. P OV VD SRS SR S Lbllirlvil



0L €

ovn&

QWOULXD JO}

1150 3

52%

oAen ieod wz dnoab jsebiey :sdnoub eaem
A 40 uoi4nqiaysip abejuesied eAajie|nun)

06°¢

HA/OA
052 or-2

([

oLt

oe"1

T —— A ———_ e

*g@gz @4nb)4

06°0 0S°Q,
o
o

102

A
VPSS PV

el N e wamimas e

B S U VU IR WU S R SO VS TP}




—

———————— e e -

‘piooed oaem Jod wz dnoJb
$sebue| :sdnosb eaem awouyxe 104 m:\xx J0 weuboys iy

HH/WH

Je"2 50°¢ 08°1 SSs°i o€ "1 S0°1 08°0

i

I Y

mar Mk ot sl ., e P,

*v6Z @J4nby

SS°0 Jt"

103

e

9 . - .
PAP SOV,

PEENY 13 WA

LT i T O S




*pi0do9s eAea 19d wz dnousb jsebae) :sdnousb eaenm
2WOJI X0 40} xx\ H 40 uc.inqlaysip ebejuedssad sAargenun) -gez @4nbiy

1
1
v

HH/WH
1] a4 s0°¢2 08°1 SS°1 (1] § SO0 ¢ 08°0 sS°0 *
4 4 - ———@ mmjmu

Ll e T

104

S bl ks vean

O DS TR S




,ﬁ
ﬂ

LI A

ﬂ 00°81 00°91

.vgouoLQ¢>o: Jed ¢>\w>
dnosb isebie| :sdnosb eAea aweusixe 304 TN }0 wesboysiH °vos euanbyy
(ION) dNOY9 H3d SIAEM
00°hi 0021 00°01 00°8 009 00°"h 00°%&
[=}

v"/h/

105




}'- —— ——r—— g o e e+ e o o

*pi0d0J oAem uod ¢>\w> dnoub jsebise| :sdnoib eaem
WO UYX0 JO§ mz 40 vojsngiaysip ebesuesied aA1jeInen) °gog eianby 4

(IN) dNOYI "H3d S3AUM

w 00°g1 00°91 09" h1 00°21 00°0! 00°3 00°9 00°h n6°Z, ..
K
1
3
% i
_m ]
w _\n
! L
‘ H
[
_ P
i )
b3
. |
. e
: ) ]

Ll

LA, s . G M s
- - e e e e JU ¢ b e ke At et o i . St oy . AinandalCi




*PIOO9I OARA woa ¢>\o> dnoab
ssebue| :sdnoub eAem eweusixe JO) m»\ 1 3o wesboysiH °Vig esnby4

e T ene. Sl

p g1/91 k

i

02°t 09°2 on-e 00°¢ 09t o~um oouo oh°'0 QQ.MU m

s i

\f

£

| on i
” u W ! ‘
¥
| _ |
ﬁ e 5 m
wl Sm - !
z i

i -4 B
_ ...% u
_ Foen i
, 2 A,
| o
I, “ . >
i [AY ] 1
co |.0 ‘

0 ‘_«

o H

M

Ly W

2

_ i

1




- . PN ———————————_EL R Lt SRS TR e S e = - —yvr o i e
}‘ v - T
v
1

.vuouou eaam Jsod m>\o> dnoub jsebue) :sdnousb eaem
WO X0 JO} »\w._. JO UOl§inqlJ4s|p ebejueocued eAjje|nun) °gl¢ aJ4nb 4

|
| y1/91 . . . 4
- 02°€ 08°2 oh'2 00°2 09" 1 021 08°0 oh°0 00°Q, ]
| - :
| fo b3
. 3
. o0 g
8% 8
c o
r~ Yy
_, D “
1 hl
| 52 -
| < o e
8m - ]
ey i
3 L4
fe =
S=
i =3
“ D .
- . I8
| Q .
" c i
m s
| o
rm m
2
(=4
o

it Y A kTR il ) et i i A i, R B s o et [P o e e e L e e e N ol " . L i oL it el el S




*pJODOL OARM moa x>\o> dnoub
Cod 450610 :sdnoub eaem eweuyxd J0j “p/YA jo wesboysiH  *vVZE e4nbj 4

HA/9JA
oL°E 0£°€ 06°2 . 0S°2 01°2 oL°1 0E"! 06°0 0S°Q,

]

=
109

J

00°0e

re

S

Qo

-

- - —yr T g U - S — - S . S C e e S ek

2 fur s

ot et L ST 2 e T RS L TR

o

- - -
Y g
. b ; A, Yy
s S SR O e o e e e ek e s st S e st s s s Sttt sl




.v..ouom eaen Jod m>\w> dnoub gsebue| :sdnosb eaenm
oWeJ XD JO} >\w> 40 uojsnqiays|p ebeguesiad sAj4enWN)y ‘*gzg +4nby g4 ;
i
L] L2 » L] m>l\u> L L] L2 * ‘m
OL°E 0€ "€ 06°¢ 0s°c gt-e oL 1 9e°1 06°0 0s°q, Y
o 4
e ;
|
o _ 4
ot X
oxX ..,
c ,;
> M
D f
-5 o w
- ;
m m
oD |
'noa ,‘Lm
ez g
- b
D :
(o] i
. ps™ i
. i 1
o i
: © ,
- i
8 o
2 4

B G Pt o ¢

MM T A il e L ki ome Atk et it e e e L e A A e e 4 e b oo~ Ao i it it ke i usni ot i il




4sebue)

So°¢e 08°1

:sdnoJb eaem ewedixe 4oy Yy

*PJODOU SAEM nma m>\0> dnodb
/"H 4o weaboysiy  *ygg eunbyy

HH/KH
SS°1 o€ "1 S0°1 08°0 SS°0 0€°q,

——e—1-——t—0—0.

|aY||oﬂ/4P/ L

go

-

00°s

0
398iN3JH3d

00:81

PO T . 1 T R

—
g0°he

00°0€




.vgouom
QWoULLXO 4O}

oaea uod m>\o> dnoib gsebae) :sdnoub oaem
H/H 40 UO(LINQLI4S|P ebejueosed sAa|te|NUWND

*ggg ounb 4

UH/WH
y y 3 : y 1 08°0 SS°0 (1]

om.m mo.w ow»_ mmua cm.— S0 @w m
° !
. f
on Py
, cC i
— ;

D
-5 o !
. A — N
W-.J _ﬂ,.
. :
L -

Kby
-03 X

Sz

—

'] D

1] D P
| ™ i
o .
W ¢ m
o— |- ]
B .
a8 J m
_ _
. . . . - J
PN Al N~ " ol e PR S i P Akl e 2t 4K e i ant ot o i X FEE




L

. Lotk aemyn.

- e ma——— .

APPEND I X:
WAVE RECORD SPECTRAL AND WAVE
GROUP STATISTICAL RCLATIONS

A. BACKGROUND

The initial objective of this study was to examine sta-
tistical relationships among wave group and wave record
parameters, and the results have been presented in the main
text. As the study progressed, however, it became evident
that 1+ might be possible to relate group statistics to the
frequency spectra of the wave records analyzed. Time was a
critical factor and the analytical methods empioyed were
simple, but the results were very promising and have been
included in this appendix. The need for a more in-depth
study is evident.

it is generally thought that spectra that are unimodal
or bimodal (one or two main spectral peaks) indicate wave
trains that have traveled from one or two sources, respec-
tively. In the study of unimodal wave record spectra,
Thompson (1972), Smith (1974), and Sedivy (1978) have shown
that the spectral peak occurs at a certain frequency or
period In a spectrum because the wave groups contain quasi-
periodic waves that approximate this period of maximum
energy density. This seems logical since wave groups may
be thought of as packets of energy concentration. |In other
words, wave groups with the most energy compared to the

energy contained in the wave record as a whole (VG/VR
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highest) should be responsible for that perlod marking the
spectral peak. |t also seems reasonab:e to expect that

. aside from the main peak of the spectrum, wave groups might
possibly be responsible for subsidiary maxima, including

bumps, peaks, and other Iirregularities, that commoniy are

observed In frequency spectra.
L;mlfod time permitted only a preliminary examination

cf these suppositions, and the results obtained are pre-
sented below. The results are promising but far from con-
clusive. More research is needed in this area for
definitive conclusions to be drawn.
B. RELATIONSHIP BETWEEN GROUP STATISTICS

: AND THE FREQUENCY SPECTRUM

The tirst area examined was the relationship of average

wave group periods and their respective VG/VR ratios Iin a
given record to the frequency spectrum of the record. Ten
wave records were examined for this relationship. The fre-
quency spectra were printed out and the TG and VG/VR value
tor each group plotted thereon. Figure A-| shows an example,
As expected, most of the wave groups are seen to fall in
the area of the spectral peak although not necessarily on
the peak itself. An interesting feature of the figure is
that not a single group falls to the left of the peak. Also

* noteworthy is the fact that those groups with high values of
relative energy do not necessarily fall closest to the

spectral peak period, nor do groups of low relative energy
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tall in the taiis of the curve. The other feature that de-
serves attention is that some of the more prominent
secondary peaks show no wave group falling near thelir peak
periods., It Is notable that without exception every wave
record so examined showed similar results.

In an attempt to determine why the plotted wave groups
do not bracket the frequency peak as logic would dictate,
tour of the digitized wave records were printed out In
analog form to large scale and hand analyzed. The first
Important observation that was immediateiy apparent concernsed
the accuracy to which the average wave group period can be
calculatec. The computer, which was constrained by the
one-second digitizing rate of the data collection system,
was accordingly limited to calculating wave periods to the

nearest second. The hand analysis method could use inter-

polation and determine wave periods to a tenth of a second. !
Since the average group period is an average of the periods
of the individual waves in the group, |t was possible to
determine TG to an accuracy an order of magnitude better
than the computer analysis. With the accuracy of Ts thus ‘
increased the spectra and group statistics were replotted as i
shown In Figure A-2. The same problems as before were stil|
apparent, The positions of the wave groups had all shifted
slightly to *+he lett but their relationship to the spectral

peak remained unchanged, 1

A problem ares that became readily apparent was that most

wave groups contain one or more waves of smailer amplitude,

s L
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and almost without exception also of gshorter period, rela-
tive to the other waves in the group. Figures A-3 and A-4
show groups with waves radically difterent from the other
waves In the group. As wave groups cun be thought of In
terms of not only energy content but also In terms of regu-
larity of both the height and period of the successive waves
that comprise the groups, the question arose as to whether
anomalous waves should be included In & group for statisti-
cal purposes.

This particular problem arose from using the zero up-
crossing method that identifies waves solely on the basis of
the waveform rising (however siightly) above the mean water
level. Relatively small or insignificant waves would not be
counted if wave groups were being observed visually. In
facf, at times, they might not even be seen against the
random wave fieid background. |t was therefore apparent
that another restriction needed to be added to the wave group
definition. A disqualification factor based on elther the
height or the period of the subject wave would be logical.

Using wave period as the basis for disqualitication, a
wave deletion parameter was applied under the following
conditions. |f a group contains only two waves nelither of
the two waves would be disqualified. |f the group has three
or four waves the shortest period wave, if any, would be
disqualified. |f the group contains five or more waves the

two shortest period waves would be disqualified. Using the

16
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more accurate hand-analyzed data, this mathod of wave dis-
qualitication was applled and TG was calcuiated and was
plotted as before on the power spectrum. The results are

iilustrated in Figure A-5 for the same wave record as shown

in Figures A-| and A-2, The resul*s are startiingly ditfer-

ent. Ali wave groups now fall close to and on either side
of the main spectral peak. The results were similar for
the other wave records so analyzed. The VG/VR values,
however, again displayed no tendency toward being larger

as TG/TR approaches one. No wave groups were found to fa!l:
on or near secondary maxima; however, later analysis showed
that those waves occu:rring In the Intervals between wave
groups when systematically analyzed fall in the tails of

the spectrum. These results show that a relationship

ev:dently exists between the quasi-periodic waves constitut-

ing a group ard the peak period of the system, but that the
methods and definitions used in the macrine analysis were

too coarse to spell out this relationship.

It should ba noted that the wave disgualitication scheme

described uhove and used Iin 'he subsequent ansiyses repre-
sented a first 27tempt in the Interest of time. This Is a
very cruds method for wave deletion and more sophisticated
methods (snch as filtering) or definitions would probably

yileld better results.

17
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C. RELATIONSHiP BETWEEN INDIVIDUAL WAVES
AND THE FREQUENCY SPECTRUM

As mentioned previously, the enerqQy represented in a
wave record may be thought of as proportional to the
squares of the heights of the frequency componants that are
summed |inearly to give the observable waves on the sea
surtace. However, |If tha wave record is considered to be
composed of a ¢tinite number of components and |f each wave
In the record can be assumed to be representative of one
ot these ccmponents, then the energy of the wave record
may be expected to be proportional to the squares ot the
heights of the waves in the wave record. Data from the

hand analysis of wave records accomplished praviously were

coupled with this assumption and the results used to

construct a form of an anergy density curve. (f these

pseudo-energy curves thus constructed are similar to the

trequency spectra for the same wave records, then a |

statement could be made relating individual waves In a ;

wave record to the frequency spectrum. |
The tirst snalysis approach was made by identifying each

successive wave In a record as belonging to a wave group or

to the interval between wave groups. The wave groups were

also identified by the standard VG/VR bands spaecified earl|ler.

The heights of the individual waves were squared and plotted

against the respective frequencv. Figure A-6 illustrates

. this analysis for the same wave record shown in Figure A-5

(and several eariier figures)., This figure is remarkably

118




sim!'!vr in appearance to the actual spectral density curve
tor the ssme wave record. This is true with regard to both
the distribution and magnitude of the energy. Waves belong-
ing to wave groups fall w!thin a relatively narrow froquency
band whiie waves helcnging to intervals between groups,

termed interva! waves, are uniformiy distributed over the

tul! range of frequencies found in the spectrum. As expectad,

the interval waves are of low energy content while most of
the group waves are high in energy. This Is shown by the
gradation from interval to group waves from the bottom to
the top ot the graph. The other notable feature of thls
figure |Is that the high energy waves that comprise the
higher values around the spectral peak are waves from groups
with a high VG/VR ratio.

Because this type of analysis is clearly suggestive of
a spectral energy distribution, another method was empioyed
to generate a pseudo-spectrum. This involved summing ths
squares of the helight values and cumulating them over the
full trequency range. Differential values, corresponding
to the width of the frequency band desired, were read from
the cumulative curve and represented the amount of energy
in these bands. Valuas were then plotted at the midpoint ot
each band and a continunus pseudo-spectral curve generated,
The results of this method are shown In Figure A«7. The

plotted values were obtained from the cumulative curve using
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a frequency bandwidth of 0.0! Hz, Curves tor bandwidths
other than 0.01 Hz were generated, including a bandwidth ot
0.0078 Hz which was used [n the computer progrann tc generate
the actual frequency spectrum. The bandwidth of 0.0! Hz

was used for several reasons. Shorter bandwidths tended

to give too much irregularity in the pseudo-spectral curve
while longer bandwidths tended to smooth secondary features
out entirely. Also, this cholice of bandwidth was extremely
simple to work with, especiaily in the Initial hand analysis.
A comparison between the actual spectrum and the pseudo-
spectrum shows that the locations of the main and secondary
peaks are in close agreement with those of the frequency
distribution. The relative heights between peaks do not

closely agree, however.

D. SUMMARY

A preliminary analysis ot the relationships of wave groups
and individual waves (both within and without wave groups)
with the energy density spectrum was performed as a natural
outgrowth of the wave group stetistical analysis. Digital
determination of the group period from the wave records
contained accuracy limitations related to the digital sampling
rate, and anomalous waves within groups (both In period snd
heightl were shown to be a possible source of deviation of
the avorage group period from the spectral peak period.

This may explain why TG/TR values In this study tend to be

120
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less than unity and why the TG/TR distributions found are
not In close agreement with the results of manual anaiyses
of wave groups from previous studies. Indications that
groups of high relative energy are responsible for the
period ot the spectral peak were shown, and it was also
demonstrated that individual waves of large amplitude (and
energy) contained in these high energy groups appear to be
the factor controlling the spectral pesak poriod. Also
shown is the generation of a pseudo-spectrum from a simple

statistical analysis of individual wave hsights that Is

very similar in most respects to the actual energy spectrum.
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